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The magnetic response of antiferromagnetic CsO2, coming from the p-orbital S = 1/2 spins of
anionic O−2 molecules, is followed by
133Cs nuclear magnetic resonance across the structural phase
transition occuring at Ts1 = 61 K on cooling. Above Ts1, where spins form a square magnetic lattice,
we observe a huge, nonmonotonic temperature dependence of the exchange coupling originating from
thermal librations of O−2 molecules. Below Ts1, where antiferromagnetic spin chains are formed as a
result of p-orbital ordering, we observe a spin Tomonaga-Luttinger-liquid behavior of spin dynamics.
These two interesting phenomena, which provide rare simple manifestations of the coupling between
spin, lattice and orbital degrees of freedom, establish CsO2 as a model system for molecular solids.
PACS numbers: 75.10.Pq, 75.30.Et, 75.25.Dk, 76.60.-k
In many magnetic insulators, spins are well decou-
pled from other degrees of freedom, which implies simple
Hamiltonians completely defined by the short-range mag-
netic exchange interactions. Model systems of this kind
provide an excellent playground for the understanding
of collective quantum phenomena, including Tomonaga-
Luttinger liquid (TLL) in one-dimensional (1D) antifer-
romagnets [1], Bose-Einstein condensation of magnons
in dimer spin systems [2], quantum criticality in gapped
antiferromagnets [3–6] and spin-liquid behavior in frus-
trated spin systems [7].
In molecular solids, a class of magnetic insulators con-
taining molecules as structural and magnetic units, spins
cannot be decoupled from lattice and orbital degrees of
freedom. This is particularly pronounced in systems
based on small and light anionic O−2 molecules: alkali
superoxides, AO2 (A = Na, K, Rb, Cs) [8–11], and al-
kali sesquioxides, A4O6 (A = Rb, Cs) [12–15]. Here, the
O−2 anion carries an S = 1/2 spin in a pair of p-derived
degenerate π∗ orbitals [16]. A strong coupling between
spin, lattice and orbital degrees of freedom leads to com-
plex physics [12–22], which is nevertheless based on two
relatively simple mechanisms characteristic of molecu-
lar solids: (i) the O−2 “dumbbells” can easily reorient,
which modulates the overlaps of π∗ orbitals and thus the
exchange coupling between the neighboring spins [11];
(ii) the degeneracy of the π∗ orbitals is lifted by a struc-
tural phase transition involving the tilting of O−2 dumb-
bells, which is reminiscent of the Jahn-Teller effect [16].
Calorimetric and magnetic studies indeed revealed sev-
eral structural phase transitions in AO2 systems back in
the 1970s [9–11], but their origin remained largely un-
explained. These interesting observations were system-
atically revisited only in recent studies [16–22]. Among
them, an important X-ray and Raman scattering study
of CsO2 clearly demonstrated the ordering of p orbitals
below the structural phase transition at Ts ≈ 70 K, which
leads to the formation of 1D antiferromagnetic spin-1/2
chains in an otherwise 2Dmagnetic lattice [8], as sketched
in Fig. 1(a). Two simple mechanisms mentioned above
then lead to two obvious questions: (i) given the high
reorientational freedom of the O−2 dumbbells above Ts,
does the associated librational phononic mode signifi-
cantly affect the exchange coupling between the spins
and (ii) do the spin chains formed in the orbitally-ordered
phase below Ts exhibit a TLL behavior?
Concerning (ii), TLL is a quantum-critical state pre-
dicted to be realized in gapless 1D spin systems. Its hall-
mark is the continuum of two-spinon excitations leading
to the power-law behavior of various correlation func-
tions [1]. The signatures of the TLL state were so far
observed only in a few Cu- and Co-based 1D antifer-
romagnets [23–34]. In our nuclear magnetic resonance
(NMR) experiment, we indeed observe a TLL behavior
in the low-T , orbitally-ordered phase of CsO2, which is
a unique example of this exotic state in molecular solids.
Concerning (i), a dynamic modulation of the orbital over-
laps by a phononic mode, a phenomenon still lacking a
clear experimental demonstration, is predicted to lead to
the temperature-dependent exchange coupling J(T ) with
a positive slope as its fingerprint [35]. In contrast, a static
effect of lattice thermal expansion, also studied in the
1970s [36, 37], leads to J(T ) with a negative slope [35],
simply because orbital overlaps become smaller as the lat-
tice expands. The J(T ) between the neighboring spins
in the high-T phase of CsO2 above Ts, as extracted from
our NMR data, indeed exhibits a large positive slope,
with a striking total increase of 50%, which we attribute
2FIG. 1: (color online) Structural and magnetic properties of CsO2. (a) Schematic crystal structure with representative O
−
2
pi∗x,y orbitals (yellow) and Cs
+ pz orbitals (green). Above Ts2, the average direction of O
−
2 dumbbells is along the c axis (top
ab layer) resulting in degenerate pi∗x,y orbitals and frustrated-square magnetic lattice with exchange couplings J (−J) between
nearest (next-nearest) neighboring spins (top). Below Ts1, the tilt of O
−
2 dumbbells is staggered along the b axis (bottom ab
layer) resulting in pi∗x,y orbital ordering and formation of magnetic chains with exchange coupling J along b (bottom) [8]. (b)
Hysteretic evolution of 133Cs NMR spectrum across the structural phase transition taken on warming (solid lines, Ts2 = 75 K)
and cooling (dashed lines, Ts1 = 61 K). The presence of high-T (low-T ) phase is indicated by red (blue) spectra. (c)
133Cs shift
(open circles) follows static susceptibility χ (red line) down to 40 K. Both are taken on warming. Shift in the low-T phase is
fitted with the chain model (green line) exhibiting a maximum as a signature of 1D spin correlations (blue background). Dotted
vertical line indicates an anomaly at Ts2 due to the structural phase transition. Upper inset shows a linear dependence of the
relative shift on χ above 40 K, yielding a hyperfine coupling constant A = −1.16 T. Lower inset shows the field dependence of
the O−2 magnetic moment µ calculated from the measured magnetization. Red line is a linear fit with ∂µ/∂B = 0.0142 µB/T.
to thermal librations of O−2 dumbbells. The effect is par-
ticularly pronounced as the involved magnetic molecules
are small and thus highly reorientable.
The CsO2 powder, prepared by oxidation of the freshly
distilled Cs metal with dried molecular O2 gas, was sealed
in a glass tube for NMR and magnetization measure-
ments. The sample was ∼50% enriched by 17O isotope
for 17O NMR experiments. As these turned out to be
difficult because of a very fast 17O spin-spin relaxation,
we resorted to 133Cs NMR experiments. Fig. 1(b) shows
the temperature evolution of the 133Cs NMR spectrum
in a magnetic field of B = 9.4 T (with the Larmor fre-
quency 52.461 MHz) across the structural transition be-
tween the two phases. The transition, which is found to
occur at Ts1 = 61 K on cooling and at Ts2 = 75 K on
warming, is of first order, with hysteresis spanning the
range of ∼15 K. The shift and width of the spectrum are
related to the magnetic response of O−2 anions through
the hyperfine coupling tensor A. The shift is determined
by the isotropic part of A, while the width, found to be
typically ∼20-times smaller than the shift, is determined
by the correspondigly smaller anisotropic part of A. A
perfect linear relation between the shift and the mag-
netic susceptibility χ (taken in B = 7 T) down to 40 K
[Fig. 1(c) inset] yields the isotropic value A = −1.16 T
for a single O−2 magnetic moment, using g = 2.1 for the
g-factor (an isotropic part of the measured g-tensor [10])
and assuming, for simplicity, the same coupling to all
six neighboring O−2 moments [four in the ab plane, two
along c, see Fig. 1(a)]. Below 40 K, χ(T ) ceases to fol-
low the shift [Fig. 1(c)], probably due to a small fraction
of impurity spins picked by χ(T ) as a bulk probe. A
broad maximum in both datasets marks the low-T on-
set of 1D spin correlations in an antiferromagnetic spin-
1/2 chain [38]. The temperature dependence of the shift
below Ts1 can indeed be perfectly fitted with the chain
model [39] [Fig. 1(c)], giving J1D/kB = 40.4 K (kB is
the Boltzmann constant) [40] for the exchange coupling
J1D between O
−
2 spins along the chain. At 1.8 K, the
lowest experimental temperature, the field-induced mag-
netic moment µ grows linearly with the magnetic field
[lower inset of Fig. 1(c)], as expected for the chain far
from magnetic saturation [1].
To check whether the spin chains in the low-T phase
of CsO2 exhibit a TLL behavior, we use NMR spin-
lattice relaxation rate T−11 , which directly probes the low-
frequency limit of the local spin-spin correlation func-
tion [41, 42]. As shown in Fig. 2, 133Cs T−11 (T ) datasets
measured in three different magnetic fields exhibit the
power-law behavior characteristic of TLL up to the field-
dependent temperature TTLL of the order of J1D/kB.
This behavior is outweighted below ∼15 K by the growth
3FIG. 2: (color online) Spin dynamics in CsO2. T
−1
1 as a func-
tion of temperature T taken on warming in three different
magnetic fields B. Solid red, blue and green lines are power-
law fits characteristic of the TLL behavior (blue background)
valid in the range from 15 K up to TTLL (indicated by dashed
line). Solid gray lines are the joint fit to the high-T behavior
(red background) for three magnetic field values. Arrows in-
dicate the divergence in T−11 (T ) at TN due to the magnetic
phase transition into the ordered Ne´el state. Dotted vertical
line indicates the jump in T−11 (T ) at Ts2 = 75 K due to the
structural phase transition. Inset outlines the low-T phase
diagram obtained from the data in the plot.
of 3D critical fluctuations preceding the 3D antiferromag-
netic ordering [8, 10]. The transition occurs at the field-
dependent Ne´el temperature TN , which is marked by the
characteristic peak in T−11 (T ). In the TLL state, trans-
verse (i.e., perpendicular to the field) and longitudinal
(i.e., parallel to the field) gapless spin fluctuations are
possible [44]. In CsO2, the longitudinal fluctuations cou-
ple to 133Cs through the small anisotropic part of A,
so that their contribution to T−11 is negligible with re-
spect to the contribution of the transverse fluctuations
coupled through the isotropic part A. In this case, the
power-law dependence T−11 = C(K)T
1/(2K)−1/u1/(2K) is
expected, where K is the TLL exponent, u is the velocity
of spin excitations and C(K) is the K-dependent prefac-
tor [26, 43, 45]. The values of K and u are extracted as
follows. First, the slope (in a log-log scale) of the T−11 (T )
datasets in Fig. 2 is given by 1/(2K)− 1, which directly
defines the value of K. As C(K) is then completely de-
termined [45], the value of u follows directly from the ver-
tical shift (in a log-log scale) of the T−11 (T ) datasets. We
find K to converge to Kmin = 1/4 for B = 0 [Fig. 3(a)],
in contrast to the value 1/2 expected for the Heisenberg
antiferromagnetic spin-1/2 chain [1]. The lowest possible
value Kmin is realized only in the presence of Ising-like
exchange-coupling anisotropy [1, 44]. It is reached when
the field is decreased to the critical field Bc, below which
the chain dynamics becomes gapped. As the measured
µ(B) in CsO2 is linear down to B ≈ 0 [lower inset of
Fig. 1(c)], Bc should be very close to 0, and the eventual
exchange-coupling anisotropy should be small.
As the observed power-law behavior of T−11 (T ) in
Fig. 2 covers less than a decade in temperature, the cor-
responding indication of the TLL behavior is only qual-
itative, and a quantitative check is needed. A stringent
quantitative test is provided by the TLL-specific relation
between the ratio u/K derived from spin dynamics and
the zero-T susceptibility ∂µ/∂B as a static observable [1]:
u
K
=
(gµB)
2
kB
1
π ∂µ∂B
. (1)
Fig. 3(b) shows a comparison between u/K determined
above from the T−11 (T ) datasets and the prediction of
Eq. (1) using the field-independent value ∂µ/∂B =
0.0142 T/µB extracted from the measured µ(B) [lower
inset of Fig. 1(c)]. The agreement is very good, although
it gets slightly worse towards the critical field Bc ≈ 0
where the TLL description is anyway expected to fail [26].
Furthermore, a field dependence of TTLL and TN plotted
in the inset of Fig. 2 reveals an expected phase diagram
with the TLL behavior extending up to TTLL < J1D/kB
as in Ref. [3]. These results support the realization of the
TLL state in the spin chains of CsO2.
To extract J(T ) in the high-T phase of CsO2, we use
T−11 (T ), which is expected to converge at high tempera-
tures to a field- and temperature-independent value de-
termined only by the exchange coupling [41], a frequently
observed behavior [46, 47]. In contrast, our T−11 (T )
datasets in Fig. 2 exhibit an unusual, nonmonotonic and
strongly field-dependent behavior above Ts2. The field
dependence can be understood by realizing that the mag-
netic fields used in our experiment reach the energy scale
comparable to the exchange coupling J ≈ J1D/4 ex-
pected in the high-T phase (splitting the electron density
between the two degenerate p orbitals leads to the fac-
tor of 4). In this case, the field-dependent Zeeman term
for the electron spins cannot be neglected in comparison
to the exchange term, as in the standard derivation of
T−11 (T,B) [41]. By including both terms we obtain [45]
T−11 =
√
π
2
γ2~A2
1√
zJ2 + (gµBB)2
, (2)
where z is a number of neighboring O−2 spins to each O
−
2
spin, γ/(2π) = 5.585 MHz/T is nuclear gyromagnetic
ratio and ~ is reduced Planck constant. The exchange
couplings along the sides of the square magnetic lattice
in Fig. 1(a) are antiferromagnetic [8], whereas the cou-
plings along the diagonals are likely ferromagnetic due to
the linear exchange path. For simplicity, we assume both
4FIG. 3: (color online) Details of the TLL and high-T be-
haviors extracted from Fig. 2. Field dependence of (a) the
TLL exponent K (solid line is guide to the eye) and (b) the
ratio u/K compared to the prediction of Eq. (1) using the
measured µ(B) [lower inset of Fig. 1(b)] (solid line). (c) Tem-
perature dependence of the exchange coupling J(T ) extracted
from the data in Fig. 2 using Eq. (2). The best overlap of the
three datasets is obtained for |A| = 0.82 T. The upper hori-
zontal scale is calculated using Eq. (3). Solid gray line is fit
with the function J(ϑ) = J0 + J2(ϑ/ϑ0)
2 + J4(ϑ/ϑ0)
4 where
J0/kB = 5.9 K, J2/kB = 19 K and J4/kB = −28 K. Inset
shows a schematic dependence of the overlap between the O−2
pi∗x,y orbital (yellow) and the Cs
+ pz orbital (green) on the tilt
ϑ of the O−2 dumbbell from the c axis. An optimal overlap
(shaded yellow) is obtained for ϑmax = 5.2
◦ reached at 225 K
where J(T ) exhibits a maximum.
to be of the same magnitude J and so z = 8. We also
assume, as before, that 133Cs is coupled equally to six
neighboring O−2 spins and add a factor of 6 to the right
side of Eq. (2). While Eq. (2) can explain the observed
decrease of T−11 with increasing B, the nonmonotonic be-
havior of T−11 (T ) can only be explained by postulating
the temperature-dependent J(T ). If this postulate is cor-
rect, the three J(T ) datasets calculated from the T−11 (T )
datasets in Fig. 2 using Eq. (2) should overlap. Consider-
ing the temperature-independent [45] value of A as a free
parameter, the best overlap in the high-T range above
150 K [Fig. 3(c)] is obtained for |A| = 0.82 T, a value close
to the one extracted in Fig. 1(c). The corresponding joint
J(T )/kB dataset, which is thus obtained directly from
the experimental points, exhibits an unusual parabolical
dependence with a maximum of ∼9.3 K, nicely matching
the above estimated value J1D/(4kB) = 10.1 K.
The obtained temperature dependence J(T ) cannot be
of static origin, i.e., due to lattice thermal expansion. In
such a case, the relative change of J would be propor-
tional to the relative change of the lattice parameter a (or
b), the coefficient being around −12 [35]. Based on the
thermal expansion data for CsO2 [8], J(T ) would then
exhibit a monotonic negative slope with the total drop of
∼13% between 100 K and 300 K. As this contribution is
small compared to the observed nonmonotonic variation
of around 50%, we neglect it. The obtained J(T ) is thus
predominantly of dynamic origin, i.e., due to the mod-
ulation of the orbital overlaps by fast librations of O−2
dumbbells. A simple model treating the O−2 dumbbell as
a harmonic oscillator supports this scenario. Denoting
the O−2 dumbbell tilt from the c axis as ϑ, the quadratic
mean
√
〈ϑ2〉 is calculated by writing the kinetic en-
ergy 12Iω
2
l
〈
ϑ2
〉
as the thermal average over the oscillator
states, ~ωl/[e
~ωl/(kBT )−1], where I = 2.3 ·10−46 kgm2 is
the moment of inertia and ωl = 3.9·1013 s−1 the libration
frequency [8]. This leads to
√
〈ϑ2〉 = ϑ0√
eT0/T − 1 , (3)
where ϑ0 =
√
2~/(Iωl) = 8.7
◦ and T0 = ~ωl/kB =
303 K. Eq. (3) allows us to translate the observed J(T )
dependence into the J(ϑ) dependence (Fig. 3, the upper
horizontal scale) in the picture of frozen, tilted O−2 dumb-
bells (i.e., replacing
√
〈ϑ2〉 by ϑ). Interestingly, the J(ϑ)
dataset exhibits a maximum at ϑmax ≈ 5.2◦. In the pro-
posed exchange path scenario over the Cs pz orbital [8],
such a maximum is expected, as the optimal overlap be-
tween the O−2 π
∗
x,y orbital and the Cs
+ pz orbital is indeed
achieved for a nonzero tilt angle [inset of Fig. 3(c)]. Also
the overall shape of the J(ϑ) dataset can be understood
if we expand J(ϑ) = J0 + J2(ϑ/ϑ0)
2 + J4(ϑ/ϑ0)
4, where
the odd terms are zero for symmetry reasons (i.e., tetrag-
onal crystal symmetry [8]) and we neglect higher-order
terms. This J(ϑ) produces an excellent fit of the joint
J(ϑ) dataset in Fig. 3(c). Fig. 2 shows the corresponding
joint fit of the three T−11 datasets using Eqs. (2) and (3).
Finally, the obtained ϑmax value coincides with the static
tilt of O−2 dumbbells in the low-T phase as inferred from
the X-ray and Raman scattering data [8]. It thus ap-
pears that the low-T , orbitally-ordered phase maximizes
the orbital overlaps and hence the exchange energy. As
this appears to favor an exchange-driven origin of orbital
ordering [49], the issue should be investigated further.
In summary, we observed a TLL behavior of spin
chains in the low-T , orbitally-ordered phase of CsO2,
which is a unique example of this exotic state in mag-
netic molecular solids. Moreover, in the high-T phase, we
observed a huge, nonmonotonic J(T ) dependence, which
cannot be explained by static structural changes. In-
stead, it is consistent with the dynamic scenario based
5on O−2 molecular librations, which was suggested to be
important also in solid O2 [50, 51]. Small molecular mag-
netic units in CsO2 enable a particularly pronounced and
clear demonstration of this phononic modulation of the
exchange coupling. Nonetheless, a further neutron scat-
tering study of CsO2 is desired as it may lead to a better
estimate of the TLL parameters [23, 31] and to an alter-
native check of the extracted J(T ). The observed two
phenomena, which provide rare simple manifestations of
the coupling between spin, lattice and orbital degrees
of freedom, should help understand the behavior of a
range of more complex molecular solids. To start with,
magnetic susceptibility in the triangular-lattice organic
molecular magnets implicitly suggests a positive slope of
J(T ) [52–54], likely originating in molecular librations.
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7SUPPLEMENTAL MATERIAL
NMR spin-lattice relaxation in the
Tomonaga-Luttinger-liquid state
General expression. To analyze the dynamics of the
spin Tomonaga-Luttinger-liquid (TLL) state in CsO2, we
use an analytical expression for the NMR spin-lattice re-
laxation rate T−11 derived for the case of dominant trans-
verse spin fluctuations in the antiferromagnetic spin-1/2
chain [26]:
T−11 =
~γ2A2Ax
kBu
cos
( π
4K
)
B
(
1
4K
, 1− 1
2K
)(
2πT
u
) 1
2K
−1
,
(4)
where K is the interaction exponent, u is the velocity
of spin excitations (in kelvin units), Ax is the ampli-
tude of the transverse correlation function [48], γ/(2π)
is nuclear gyromagnetic ratio (5.585 MHz/T for 133Cs),
A is a relevant element of the hyperfine coupling tensor,
kB is Boltzmann constant, ~ is reduced Planck constant
and B(x, y) = Γ(x)Γ(y)/Γ(x+ y) where Γ is the gamma
function. The parameters K, u and Ax describe the TLL
behavior, while the parameter A describes the NMR re-
sponse. In case of the CsO2 powder, we use an isotropic
part of the hyperfine coupling tensor A = −1.16 T [ex-
tracted from the scaling of the NMR shift with magnetic
susceptibility in Fig. 1(c)]. We need to add an extra fac-
tor of 4 = 2 ·2 to the right side of Eq. (4): the first factor
of 2 because each 133Cs is coupled to two neighboring
O−2 spins along the c axis [Fig. 1(a)] (while the total cou-
pling to four neighboring O−2 spins in the ab plane is zero
due to antiferromagnetic nature of spin fluctuations in
the chains), and the second factor of 2 because two cor-
relation functions (in two directions perpendicular to the
chain) describe the transverse spin fluctuations.
Extraction of the TLL parameters. Among the three
parameters K, u and Ax describing the TLL behavior,
the dependence of Ax on the field-induced magnetic mo-
ment µ was calculated in Ref. [48] for various values of
the exchange-coupling anisotropy ∆. In our magnetic
field range, µ . 0.14µB [lower inset of Fig. 1(c)], while
∆ ≈ 1 in CsO2. Fig. 2(a) in Ref. [48] shows that in
this case Ax is almost field-independent and amounts to
0.12. We use this value and extract the values of the
remaining TLL parameters u and K from the T−11 (T )
datasets in Fig. 2 as follows. We confine our analysis to
the temperature range 1.5TN < T < 3TN , with the cor-
responding TN for each dataset (inset of Fig. 2), where
the T−11 (T ) datasets appear to exhibit the power-law be-
havior. First, using Eq. (4), the slope (in a log-log scale)
of the T−11 (T ) datasets is given by 1/(2K)− 1, which di-
rectly leads to the value of K. If we cast Eq. (4) into the
form T−11 = C(K)T
1/(2K)−1/u1/(2K), the known value
of K then completely determines the value of C(K). Fi-
nally, the value of u follows directly from the vertical shift
FIG. 4: T−11 (T ) datasets from Fig. 2 plotted with T/TN on
a horizontal scale and T−11 (T )/T
−1
1,fit(T ) on a vertical scale,
where T−1
1,fit(T ) is given by Eq. (4) using the extracted values
of K and u.
(in a log-log scale) of T−11 (T ) datasets.
Demonstration of the power-law behavior. To em-
phasize the quality of the corresponding power-law fits,
the T−11 (T ) datasets are presented in a scaled form in
Fig. 4, i.e., T−11 (T )/T
−1
1,fit(T ) as a function of T/TN ,
where T−11,fit(T ) is given by Eq. (4) using the extracted
values of K and u. All three datasets collapse on an al-
most perfect flat line in the selected temperature range
1.5TN < T < 3TN , hence demonstrating the power-law
behavior of the original T−11 (T ) datasets in this range.
An identical approach to extract the field dependence of
K was recently used in Ref. [30], where an analogous col-
lapse on a flat line was obtained in a comparably broad
temperature range 2TN < T . 4TN .
NMR spin-lattice relaxation in the
high-temperature paramagnetic state
Moriya’s expression. The calculation of the NMR spin-
lattice relaxation rate T−11 for the Heisenberg antifer-
romagnet in the paramagnetic state was carried out by
Moriya in Ref. [41]. In this calculation, the fluctuations
of the electron spins responsible for the NMR relaxation
are derived for the field-independent exchange term only.
We extend Moriya’s calculation by including also the
field-dependent Zeeman term for electron spins, which
becomes relevant when the energy scales of the magnetic
field B and of the exchange coupling J are comparable.
This is the case in CsO2 where J/kB is of the order of
10 K and the magnetic fields used in the experiment are
of the order of B = 10 T, which translates to the value
gµBB/kB = 14.1 K (µB is Bohr magneton and g = 2.1,
an isotropic part of the measured g-tensor [10]) compa-
8rable to J/kB. In a lot of materials studied so far, the
exchange couplings are of the order of 100 K or even
1000 K, and in these cases the original Moriya’s calcula-
tion has been applicable. In addition, we are interested
in the high-temperature limit, i.e., kBT ≫ J . This limit
is realized typically for kBT > 10J , i.e., for T > 100 K
in CsO2.
Derivation of the extended Moriya’s expression. In
case of an isotropic hyperfine coupling A between the
nuclear spin and the electron spin residing at site l, the
NMR spin-lattice relaxation rate can be written [42]
T−11 =
1
2
γ2
∫ ∞
−∞
dt eiωNMRt ·
· {A2〈Sxl (t)Sxl 〉+A2〈Syl (t)Syl 〉} , (5)
where Sxl and S
y
l are spin operators, t is time and
ωNMR = γB is the NMR frequency. We start by calcu-
lating the thermal spin correlation function 〈Sxl (t)Sxl 〉.
The time evolution of the spin operator is Sxl (t) =
eiHt/~Sxl e
−iHt/~ where
H =
∑
j
Jj ~Sj ~Sl − gµBBSzl (6)
is a part of the hamiltonian relevant for the spin at site
l, now containing both the Heisenberg and the Zeeman
term. The sum runs over all neighboring spins. Following
Moriya, each exponential factor is developed in a Taylor
series over t leading to
〈Sxl (t)Sxl 〉 = 〈Sxl Sxl 〉+ i
t
~
〈[H,Sxl ]Sxl 〉+
+
1
2
(
i
t
~
)2
〈[H,Sxl ][Sxl , H ]〉+ · · · (7)
The thermal average for an arbitrary operator P is cal-
culated as 〈P 〉 = tr{e−βHP} where β = 1/(kBT ) and
T is temperature. In the high-temperature limit, we
can approximate e−βH to 1, so that 〈P 〉 = tr{P}. For
the S = 1/2 spin, the first term on the right side of
Eq. (7) then evaluates to 1/4, the second term evalu-
ates to zero, while in the third term tr{[H,Sxl ][Sxl , H ]} =
1
4 [(gµBB)
2 + 12
∑
j J
2
j ]. When the exchange couplings to
all of the z neighboring electron spins are the same in
magnitude, and this magnitude amounts to J , we can
set
∑
j J
2
j = zJ
2. Finally, the correlation function can
be written as
〈Sxl (t)Sxl 〉 =
1
4
[
1− 1
4
t2
~2
{
zJ2 + 2(gµBB)
2
}] ≈
≈ 1
4
e−
1
4
t
2
~2
{zJ2+2(gµBB)
2}, (8)
where the first line has been recognized as the beginning
of the Taylor expansion of the exponential function and
the corresponding replacement has been made. This is
the Gaussian approximation [41]. The result for the cor-
relation function 〈Syl (t)Syl 〉 is identical.
Capturing the result from Eq. (8) into a standard
Gaussian form 14e
−ω2
e
t2/2, we introduce the exchange fre-
quency
ωe =
1
~
√
1
2
zJ2 + (gµBB)2. (9)
This is a characteristic frequency of the spin fluctuations.
For J/kB ∼ 10 K and B ∼ 10 T, ωe is of the order of
THz, much higher than ωNMR in the MHz range, meaning
that we can set ωNMR = 0 in Eq. (5). Plugging the result
from Eq. (8) into Eq. (5) and evaluating the integral, we
obtain the final result
T−11 =
√
π
2
γ2~A2
1√
zJ2 + (gµBB)2
. (10)
Setting B = 0, this result recovers the well known and
widely used Moriya’s expression in the high-temperature
approximation [41]. The expression found in textbooks
is usually twice smaller as it is based on the correlation
function for a single direction only, in contrast to both x
and y directions considered here in Eq. (5).
We note that T−11 in Eq. (10) exhibits a strong field de-
pendence when the energy scales of B and J are compa-
rable. The reason for this is not a modified ωNMR = γB,
it is rather the change of spin dynamics. Namely, in
presence of the sizeable magnetic field, the spin system
becomes stiffer, the characteristic frequency ωe of its fluc-
tuations increases, meaning that the zero-frequency spec-
tral density picked by T−11 decreases. This is the physical
meaning of Eq. (10).
Temperature dependence of the hyperfine coupling con-
stant. As the exchange coupling J between the neigh-
boring O−2 spins is strongly temperature-dependent, a
possibility should be considered that the same holds also
for the hyperfine coupling constant A between the 133Cs
nucleus and the O−2 spin. Namely, the suggested ex-
change path between the O−2 spins goes through Cs
+ [8].
To check this possibility, we analyze in detail the linear
dependence of the relative NMR shift on the suscepti-
bility χ for B = 9.4 T plotted in Fig. 1(c) upper inset.
The proportionallity constant between both variables is
A/(6NAµ0), where NA is the Avogadro number, µ0 the
vacuum permeability and 6 accounts for the number of
O−2 spins coupled to the
133Cs nucleus. We apply the
linear fit in a sliding window centered at T , with the
width of 30 K below 150 K, while above 150 K, where
the density of points is smaller, we use the width of 80 K.
The obtained value of A is then assigned to the tem-
perature T defining the center of the window. The re-
sult displayed in Fig. 5 shows that the total variation of
A(T ), amounting to ∼10%, is negligible in comparison
to the total variation of J(T ), so that A can be consid-
ered temperature-independent. Due to a small fraction
9FIG. 5: Temperature dependence of the hyperfine coupling
constant A(T ) for B = 9.4 T (green diamonds) obtained from
the data in Fig. 1(c) inset using a sliding window centered
at T , with the width of 30 K (80 K) below (above) 150 K.
Similarly obtained A(T ) dataset for B = 2.35 T (red circles)
is plotted for comparison. Solid line represents the average
value A = −1.16 T obtained in Fig. 1(c).
of impurity spins picked by χ(T ) as a bulk probe and
absent in the NMR shift as a local probe, χ(T ) follows
the NMR shift only down to 40 K [Fig. 1(c)]. Hence,
our analysis could be carried out only down to 50 K. No
noticeable change of A is observed upon the structural
phase transition at Ts2 = 75 K (note that the data are
taken on warming). For comparison, the same analysis is
carried out for B = 2.35 T, with the same result within
the experimental error. It may seem surprising that the
experimentally obtained hyperfine coupling constant A
is almost temperature-independent, while the J(T ) de-
pendence is huge. This discrepancy likely comes from
the fact that the hyperfine field is mediated by the Cs+
s orbital, while the exchange interaction is mediated by
the Cs+ pz orbital. The π
∗
x,y(O
−
2 )-s(Cs
+) orbital overlap
apparently depends much less on the O−2 dumbbell tilt
than the π∗x,y(O
−
2 )-pz(Cs
+) orbital overlap.
